The structure and fabrication method are provided for a multilayer ceramic inductor with a suppressed magnetic flux path between the internal conductors. Magnetic flux passing between the internal conductors is a problem for conventional multilayer ferrite inductors. To solve this problem, the magnetic material and non-magnetic material should be placed and patterned in the same layer of the multilayer ceramic inductor. Conventionally, each layer has been composed of a single material. Therefore, it is difficult to form a pattern of different materials in the same layer. Using the process we have developed, it is possible to form an empty through pattern of different materials in the same layer using photo resist film. Using this method, we produced an inductor in which a pattern of the non-magnetic LTCC (Low Temperature Co-fired Ceramics) insulation material was placed inside the ferrite layer. It is believed that the patterned non-magnetic material suppressed the magnetic flux path between the conductors. The size of the fabricated multilayer ferrite ceramic inductor was 3.36 mm × 1.63 mm × 0.98 mm.
Introduction
Multilayer ceramic inductors have been developed and miniaturized in order to satisfy the strong demand for the miniaturization of electronic devices. At the same time, high inductance is required even with the small case size.
Multilayer ferrite inductors are one of the solutions which meet the demand for high inductance and small case size.
Actually, multilayer ferrite inductors are widely used in the market today. However, achieving further high inductance is a problem with such inductors, as, the magnetic flux between the conductors is not interlinked with the other conductors. Therefore, this flux does not contribute to the high inductance.
This problem can be solved by locating the non-magnetic material within the magnetic flux path between the area of the inside conductors. However, this is difficult to achieve with the conventional process, which is called the green sheet process. In this process, green sheets of different ceramic materials are formed separately and stacked on each other. Therefore, the different materials are located in discrete layers inside the multilayer device.
Previously, we reported on a new processing method for the ceramic green sheet using photo resist film to form the through empty area. [2] [3] [4] The photo resist film was exposed optically and developed chemically to form the designed sacrifice patterns. The sacrifice patterns were filled with ceramic slurry using a doctor blade. After the filling process, the sacrifice pattern was dissolved to form the green sheet with the through empty area. The through empty area was filled with the conductive material. This method achieved a flat patterned conductor structure inside the green sheet.
In the present paper, using a similar process, the nonmagnetic material was patterned in a green sheet of ferrite material. Thus, we achieved a more complex multilayer ceramic inductor which has the non-magnetic material patterned inside the magnetic material. The non-magnetic material was placed in the magnetic flux path area between 
Concept of Method
The fabrication procedure of the present method is shown in Fig. 1 . In the first step, the photo resist film is exposed in order to form the sacrifice pattern corresponding to the non-magnetic material pattern. The sacrifice pattern is obtained after developing.
In the second step, the green sheet of the magnetic material is formed using a doctor blade. At the same time, the gap between the blade and the surface of the resist film is adjusted to zero. Therefore, the slurry completely fills the empty area of the sacrifice pattern . The specimen is then dried. After the sacrifice pattern is dissolved, a green sheet of the magnetic material with a through empty area is achieved. After that, the patterned resist film is applied onto the magnetic material of the green sheet and laminated by a heat press. The laminated green sheet is then filled with a slurry of the non-magnetic material using the doctor blade. Finally, the resist film for the mask is dissolved. As a result, a green sheet with a through non-magnetic material pattern is achieved.
The concept of the proposed process is based on photolithographic technology. Therefore, this method has the advantage that it allows the through empty area to be miniaturized and the design to be changed more easily than the conventional method does. In addition, the slurry of the second material only fills the through empty area, and a filled pattern is achieved. Figure 2 shows a comparison of the present and the conventional method.
Using this method, the penetrated non-magnetic pattern is formed surrounding the coil conductive pattern in the magnetic material. Therefore, the magnetic flux path between conductors is suppressed. Figure 3 than the conventional structure.
Experimental Procedure

Composition and viscosity of ceramic slurr y
In this experiment, Low Temperature Co-fired Ceramic (LTCC) and ferrite were used for the non-magnetic material and the magnetic material, respectively. In this method, a ceramic slurry of the magnetic material was filled surrounding the sacrifice pattern using the doctor blade. In addition, the non-magnetic ceramic slurry was filled only on the through empty area using the doctor blade. The viscosity of both materials affected the structure of the green sheet. Therefore, the composition of the slurry was an important factor. The composition weight ratios of the two ceramic slurries used in this study are shown in Table 1 and Table 2 . The viscosity of each ceramic slurry used in this study is shown in Fig. 4 . It is difficult to fill a through pattern when the slurry has a high viscosity or high binder content. The slurr y was adjusted to the appropriate viscosity by varying the content of the binder and organic solvents.
Fabrication process
The schematic illustration of the objective multilayer ceramic inductor is shown in In the first part of the process, the photo resist film was exposed. The thickness of the resist film was 75 μm. The photo resist film was attached onto the PET film. The ultraviolet light used for the exposure was adjusted to 160 mW/cm 2 gross exposure energy. The exposed film was developed at room temperature. The developing solution was 1 wt% sodium carbonate. The photo resist film was soaked in the developing solution for 5 minutes and then rinsed in distilled water at room temperature. These procedures were repeated. After that, the photo resist film was soaked in the developing solution for 1 minute and then rinsed in distilled water to remove any residual material.
The sacrifice pattern was completed after drying at room temperature for 24 hours.
In the second part of the process, the sacrifice pattern Fig. 4 Viscosity of the slurry. Xylen 23
Isopropyl alcohol 23 Table 2 Composition weight ratio of the ferrite slurry.
Ferrite powder 100
Binder 7
Dispersing agent 5
Plasticizer 1
Toluene 23
Xylen 23
Isopropyl alcohol 23 respectively. The speed of the doctor blade was set to 10 mm/s, which was slow enough to ensure complete filling.
After filling, the specimens were dried at room temperature for 24 hours. The sacrifice pattern was then dissolved using a tetra methyl ammonium hydroxide (TMAH) solution. The temperature of the TMAH solution was 45°C. In this way, a ferrite green sheet with a through empty area was achieved.
After the process, the mask to fill only the through empty area with a different material was formed. The thickness of the resist film for the mask was 15 μm. The gross exposure energy was the same as for the sacrifice pattern. In addition, a resist film for the mask was developed using the same developer at room temperature. The soak time in the developer was 13 seconds. After the first developing step, the film was soaked in the same developer for 8 seconds to remove any residual material. After the resist film for the mask was dried for 24 hours at room temperature, this mask film was laminated on the ferrite green sheet with through empty area using a heat press. The laminating temperature was 70°C, and the pressure was 15 MPa. The press time was 2 minutes.
The LTCC slurry was filled into the through empty area of the laminated green sheet using a doctor blade. The LTCC powder for making the LTCC slurry was made of glass powder and alumina powder. When the doctor blade was used, the filling process was same as with the ferrite slurry. The sheet filled with the LTCC slurry was kept for 24 hours at room temperature. After that, the resist film for the mask was dissolved using a TMAH solution at 45°C.
After the drying process, the specimen was kept for 12 hours at 100°C. Then, the PET film was removed from the green sheet.
The thorough-holes for the via conductors were formed by a machining process on the green sheet where the LTCC was patterned. The diameter of the through-holes was 200 μm. The coil conductor patterns and via conductors were formed by screen-printing with silver conductive paste. A schematic illustration of the patterned green sheet is shown in Fig. 8 .
The green sheet that was patterned with the LTCC and the coil patterns and the blank layer of the ferrite green sheet were stacked using a heat press. They were laminated at 70°C and 15 MPa for 2 minutes. After that, the specimen was diced into the objective size.
The specimens were then fired. The temperature was first increased from room temperature to 200°C over three hours. The specimen was then kept at 200°C for five hours. Next, the temperature was increased to 400°C over 8 hours. At this time, the binder was burned out. Then, the temperature was increased to 800°C over two hours, then to 920°C over 36 minutes. The 920°C was maintained for 30 minutes. After this, the temperature was decreased to 620°C for 90 minutes. Then, the temperature was decreased to room temperature, and the firing process was complete.
After the firing process, the conductive paste for the terminal electrode was formed on the multilayer ceramic inductor. The terminal electrode paste was fired at the 720 degree Celsius for 15 minutes. Using this process, a multilayer ceramic inductor with a non-magnetic pattern inside the magnetic material was achieved. Table   3 . Figure 10 shows the top image of the green sheet with the LTCC pattern. In this figure, the LTCC slurry filled the complex pattern completely. Figure 11 shows the top surface image of the conductive paste printed on the green sheet with the LTCC pattern. In this figure, the conductive paste was filled to the through-hole completely. In addition, Fig. 12 shows the cross-sectional image of the green sheet with the LTCC pattern and the conductive paste for the coil pattern. In this figure, penetration and flattening of the LTCC pattern inside the ferrite green sheet was achieved. In addition, the thickness of the green sheet was about 80 μm, and thickness of the conductive pattern was about 24 μm. Moreover, the conductive paste was formed on the non-magnetic pattern of the LTCC. Also, the misalignment between the ferrite green sheet and the resist film for the mask was usually within ±5 μm and ±20 μm at maximum. Figure 12 shows that the formation of the nonmagnetic material pattern is achieved without major prob- Table 4 . The difference of the thickness between the ferrite sheet and the LTCC sheet was about 4 μm before firing. However, no voids were obser ved between the ferrite and LTCC inside the fired body. Therefore, the difference between the ferrite pattern and the LTCC pattern is not a problem. In the present study, 22 layers were stacked.
Results and Discussion
On the other hand, the thickness of the conductive pattern was 13 μm after firing. This is the cause of the deformation of the LTCC pattern. This problem can be solved by forming the embedded conductor inside the LTCC pattern using the proposed method. In the future, it will be possible to stack more than 100 layers.
Conclusion
The structure and fabrication process of a multilayer ceramic inductor for suppressing the magnetic flux path 
